INTRODUCTION
The cyclic AMP receptor protein (CRP or CAP) of Escherichia coli, the prototype of a DNA-binding regulatory protein, controls transcription of a large number of genes either positively or negatively in response to carbon nutrient conditions (1) (2) (3) . The protein is a dimer of two identical subunits composed of 209 amino acids, which is activated by cAMP to bind to a specific sequence of 22 bp located within or near target promoters (1) (2) (3) . How CRP activates transcription has been a long-standing question since its discovery. Two ways in which CRP activates transcription have been proposed: one involving CRP-RNA polymerase (RNAP) interaction (4) , and one involving changes in DNA structure (5) .
Recent genetic and biochemical studies have revealed that both mechanisms may contribute to the action of CRP. First, CRP appears to contact directly with RNA polymerase to activate transcription (6) (7) (8) . A surface exposed loop around amino acids 156-164 of CRP and the C-terminal of a subunit of RNAP are responsible for this protein-protein interaction (6) (7) (8) , although the nature of the interaction is not known. Secondly, CRP induces a sharp bend in the DNA upon binding to its recognition site (9, 10) . This bending is believed to play a role in the formation of open complex (11) . Thus, it is likely that CRP affects upon both RNA polymerase and DNA structure to activate transcription. However, the molecular mechanisms by which the CRP-RNAP interaction and CRP-induced DNA bending stimulate transcription are largely unknown.
One way to address this issue is to investigate which step of initiation is affected by CRP. Transcription initiation is composed of several steps. RNA polymerase is known to pass through at least three distinct stages prior to chain elongation (3, 12, 13) . First, the holoenzyme interacts reversibly with the promoter to form a closed complex that is transcriptionally inactive. Secondly, the closed complex is isomerized to an open complex in which a short region of DNA around the transcription start site is unwound. The open complex is transcriptionally competent and is able to make abortively a series of short RNAs by the addition of ribonucleotides. The final step is the promoter clearance in which RNA polymerase escapes from the promoter with a loss of a factor to form a stable elongation complex.
Kinetic studies have suggested that CRP affects different steps depending on the relative location of the CRP site. When the CRP site is located upstream from the promoter, CRP appears to increase both the binding affinity for a closed complex and the rate of transition from closed to open complexes (14-16). When the CRP site is located within the promoter, the primary effect of CRP seems to be at the isomerization step (16) . In either case, it is obvious that CRP accelerates the formation of the ternary open complex that is transcriptionally competent.
On the other hand, little is known whether CRP plays any roles after the formation of the open complex. Here, we show that CRP can be removed from the ternary open complex of the lac promoter with the competition by a high concentration of heparin. The resulting binary complex was stable and active to initiate transcription from the PI promoter (17) 
MATERIALS AND METHODS

DNA and proteins
The 185 bp BamHl-HindlU fragments carrying either the wild-type or UV5 lac promoters were used in this study (Fig. 1) . The fragments were prepared from plasmids pLACIl and pLAC12, respectively. A 320 bp PvuU fragment containing the wild-type lac promoter region was isolated from pUC19. After joining BamHl linker, the fragment was digested flamHI and HindUi. The resulting lac promoter fragment was cloned between the BamHI and HindUi sites of pMS437C (19) to generate pLACOl. The 190 bp EcoKX-HindYS. fragment derived from pLACOl was recloned between the Ecoid and HindUi sites of pBR322 to create pLAC 11. The plasmid pLAC 12 containing the lac UV5 promoter was created from pLACIl by PCR mutagenesis using synthetic oligonucleotides. In pLAC12, the G at position -9 and T at position -8 in the -10 region of the wild-type promoter are together changed to A. CRP was purified from cells harboring pHA7 (20) by the procedure of Eilen et al. (21) . RNA polymerase was purified from strain W3350 according to the method of Fukuda et al. (22) .
Gel shift assay
The gel mobility shift assay was performed in a total volume of 20 nl of a transcription buffer (20 mM Tns-HCl pH 7.9,100 mM NaCl, 3 mM MgCl 2 ,0.1 mM DTT, 0.1 mM EDTA and 50 u.g/mg bovine serum albumin) containing 5 mM CaCb, 50 mM cAMP and 5% glycerol. The BamHl-Hindin fragment 32 P-labeled at its 5' Hindm end (1 nM) was incubated first with CRP (0-40 nM) for 5 nun at 37° C and then with RNA polymerase (0 or 20 nM) for 10 nun. Then the mixture was treated with 2 uJ of competitor for 3 min. After adding 3 JJJ of 40% glycerol, 0.025% bromophenol blue, 0.025% xylene cyanol, the mixture was fractionated by electrophoresis on a native 5% polyacrylamide gel containing 0.1 mM cAMP in 1/2 TBE at room temperature.
Western blotting
After exposing for autoradiogram, the gel mentioned above was equilibrated in a soaking buffer (375 mM Tris-HCl pH 7.5, 1% SDS) for 1 h as described by Zinkel and Crothers (11) . The proteins were transferred to a PVDF membrane (Immobilon-P, Milhpore) with a Milliblot apparatus. The membrane was probed with polyclonal anti-CRP antibody according to the method described by Ishizuka et al. (23) .
DNase I footprinting
The flamHI-//i/idin fragment 32 P-labeled at its 5' HindUi end (1 nM) in 100 (il of transcription buffer containing 5 mM CaCl2,50 uJvi cAMP and 5% glycerol was first incubated with CRP (0-100 nM) for 5 min and then incubated with RNA polymerase (0 or 90 nM) for 30 nun at 37 °C. The mixture was treated with heparin for 3 min at 37°C and placed at 25°C for 5 min. DNase I was added at a concentration of 50 ng/100 ul and the incubation was continued for 1 min at 25°C. After addition of 25 |il of 1.5 M sodium acetate, 20 mM EDTA, 100 ug/ml tRNA, the mixture was treated with phenol and precipitated with ethanol. The pellet was dissolved in loading buffer (8 M urea, 0.025% bromophenol blue and 0.025% xylene cyanol in TBE) and analyzed on an 8% polyacrylamide-8 M urea gel.
In vitro transcription
The transcription assay was performed in a total volume of 30 |il of transcription buffer containing 50 |iM cAMP and 5% glycerol The BamHl-Hindltt fragment of a final concentration of 5 nM was first incubated with CRP (0 or 40 nM) for 5 min at 37 °C and then with RNA polymerase (30 nM) for 10 min. The mixture was treated with 3 (il of heparin for 3 min. The transcription was started by adding 3 |il of a substrate solution containing 0.05 mM [<x- 
RESULTS
Cooperative binding of RNA polymerase and CRP-cAMP to lac promoter
It is well established that CRP-cAMP stimulates the binding of RNA polymerase to the lacPl promoter (15, 24) . In addition, it is known that CRP-cAMP binding to the lac promoter-containing DNA is also markedly stabilized by RNA polymerase (15) . To investigate the nature of the lac open complex, we tested these previous observations by using both the wild-type and UV5 lac promoters. A DNA fragment containing the wild-type lac promoter was incubated with RNA polymerase and/or CRPcAMP and the protein-DNA complexes were analyzed by a gel mobility shift assay (Fig. 2 ). Under our experimental conditions, CRP in the presence of c AMP preferentially binds to the CRP site I centered at -61.5 relative to the start point of PI transcription, resulting in a distinctive band (Fig. 2, lane 2 ). This complex is extremely sensitive to heparin while it is relatively stable to the competition of poly(dA-dT) ( (15) , indicating again that both RNA polymerase and CRP-cAMP bind cooperatively to the lac promoter. We also analyzed DNA-protein complexes of the lac UV5 promoter fragment. As expected, RNA polymerase in the absence of CRP-cAMP formed a stable binary PI open complex that has a slightly increased gel mobility (Fig. 2, lanes 7 and 8) . When the lac UV5 fragment was incubated with both RNA polymerase and CRP-cAMP, a ternary open complex was formed that has the same mobility of the complex containing the wild-type lac promoter fragment (Fig. 2, lane 9) .
Effect of high concentrations of heparin on the PI open complex
Although the CRP binding to lac DNA is stabilized in the ternary open complex, we thought that a more drastic competition with heparin might affect the binding of CRP and RNA polymerase to the lac promoter. To examine the stability of the ternary complex, we have treated the ternary complex with increasing concentrations of heparin and analyzed the products by a gel shift assay (Fig. 3A) . When the complex was treated with a low COncentra- 6) or lac UV5 promoter (lanes 7-10) was incubated with protein(s) in the presence of cAMP. The mixture was further incubated with or without heparin and separated on a native 5% polyacrylamide gel. Lanes: 1 and 10, DNA alone; 2, CRP added (no competitor); 3, CRP then poly(dA-dT) (12.5 ug/ml) added; 4, CRP then heparin added; 5 and 9, CRP and RNA polymerase added (no competitor); 6, CRP and RNA polymerase then heparin added; 7, RNA polymerase then heparin added; 8, RNA polymerase added (no competitor). tion (20 |ig/ml) of heparin, no clear change in the mobility of the complex was detected (Fig. 3A, lane 3) . However, increasing concentrations of heparin caused a slight reduction in the mobility of the complex (Fig. 3A, lanes 4-6) . The mobility of the complex treated with 1000 (ig/ml of heparin was the same as that of the binary open complex of the lac UV5 promoter (Fig. 3A, lanes 7  and 8) . This suggests that CRP was lost from the ternary open complex with the competition of a high concentration of heparin. The resulting binary complex was apparently stable at least for 60 min at 37°C even in the presence of heparin (data not shown), although we have not determined quantitatively the stability of the complex.
A direct evidence for the dissociation of CRP by Western blot analysis
In order to determine directly whether CRP is present in the complex, a Western blot analysis of the gel shown in Figure 3 was carried out by using anti-CRP antibody. As expected, CRP was detected before the treatment of heparin (Fig. 3B, lanes 2 and 9) , indicating the presence of CRP in the open complex. The treatment of a low concentration of heparin did not affect the content of CRP (Fig. 3B, lane 3) while an increased concentration of heparin to 100 ug/ml significantly reduced the content of CRP (Fig. 3B, lane 4) . When the concentration of heparin was further increased, CRP was no longer detected in the complex (Fig. 3B,  lanes 5 and 6) . The result indicates that CRP was selectively 1 -8) or lac UV5 promoter (lanes 9-13) was incubated with protein(s) in the presence of cAMP. The mixture was treated with indicated concentrations of heparin and subjected to a partial digestion by DNase I. The products were fractionated on a denatured 8% polyacrylamide gel. Lanes: 2 and 12, no added protein; 3, CRP (100 nM) added; 4, CRP (100 nM) then heparin (20 Hg/ml) added; 5 and 11, CRP (40 nM) and RNA polymerase (90 nM) added; 6, CRP (40 nM) and RNA polymerase (90 nM) then heparin (20 ng/ml) added; 7, CRP (40 nM) and RNA polymerase (90 nM) then heparin (100 ng/ml) added; 8, CRP (40 nM) and RNA polymerase (90 nM) then heparin (500 Hg/ml) added; 9, RNA polymerase (90 nM) then heparin (500 |ig/ml) added; 
Characterization of ternary and binary complexes by footprinting
To characterize further the nature of the open complex before and after heparin treatment, a DNase 1 footprinting experiment was performed. A DNA fragment containing either the wild-type or UV5 lac promoters in which the 5' end of the lower strand was labeled with 32 P was incubated with RNA polymerase and/or CRP-cAMP. The reaction mixture was treated with various concentrations of heparin and subjected to DNase I digestion. The products were fractionated on a denatured 8% polyacrylamide gel. When the wild-type lac promoter fragment was incubated with CRP in the presence of cAMP, the CRP site I was protected (Fig. 4, lane 3) . The same protection by CRP-cAMP was observed with the lac UV5 promoter fragment (data not shown). As expected, the CRP binding to the CRP site I was lost by a low concentration of heparin (Fig. 4, lane 4) . When RNA polymerase alone was incubated with the wild-type lac DNA, no clear protection against DNase I digestion was observed presumably due to a low yield of the P2 open complex (data not shown). On the other hand, RNA polymerase alone protected strongly the lac UV5 promoter fragment in the region between +20 and -50 against DNase I attack. Several sites (-14, -27, -40 and -49) exhibited an enhanced cleavage (Fig. 4, lanes 9 and 10) . This protection/enhancement pattern is known to be characteristics to open complex of lac UV5 promoter (25, 26) . In the presence of both CRP-cAMP and RNA polymerase, the protection was extended to the CRP site in the lac UV5 promoter (Fig. 4, lane 11) . It should be noted that the CRP binding did not change the pattern of RNA polymerase binding to the lac UV5 promoter except the suppression of enhanced cleavage at position -49. In the case of the wild-type lac DNA, CRP markedly stimulates the binding of RNA polymerase to PI, resulting in a clear protection/enhancement pattern that is essentially the same as that of the lac UV5 promoter (Fig. 4, lane 5) . When the ternary open complex was treated with increasing concentrations of heparin, the protection at CRP site I gradually disappeared. This protection by CRPcAMP was almost completely lost when 500 (ig/tnl of heparin was used. In contrast, the protection/enhancement pattern between +20 and -50 remained unchanged after the heparin treatment. These results clearly indicate that a high concentration of heparin selectively dissociates CRP from the ternary open complex without affecting RNA polymerase binding to PI in the wild-type lac promoter. This means that the stable ternary open complex has been converted to the binary open complex that is resistant to the competition with heparin.
Binary complex without CRP is transcriptionallv competent
The experiments mentioned above established that the CRP can be removed from the ternary PI open complex with little change in RNA polymerase binding resulting in a stable binary complex. It is interesting to address whether this binary complex is transcriptionally competent. For this, we have carried out in vitro transcription assay. First, we formed the binary open complex of lac UV5 promoter fragment and treated it with heparin. Then the complex was subjected to a single round transcription by adding a substrate mixture and the products were analyzed on a denatured polyacrylamide gel. As expected, a PI transcript of 58 bases was produced without being affected by the increase of heparin concentration (Fig. 5, lanes 5 and 6) . In addition, a series of abortive short RNAs were produced which level appears to decrease with increasing concentration of heparin. The similar effect of heparin on the production of abortive RNAs was also observed at T7 A1 promoter (27) . Next, the P1 open complex was formed by incubating the wild-type lac promoter fragment with RNA polymerase and CRP-cAMP. After treating the complex with a low concentration of heparin, a transcription reaction was carried out by adding ribonucleotides. The PI transcript identical with that of the UV5 promoter was produced (Fig. 5, lane 2) . The competition with increased concentration of heparin did not affect the amount of PI transcript (Fig. 5, lanes 3-5) . This is true even when 1000 (ig/ml heparin was used. It should be noted that CRP is completely lost under this condition (Figs 3 and 4) . In addition, the removal of CRP caused no increase in the production of abortive RNAs. In other words, the presence or absence of CRP does not affect the transcriptional activity in the single round run-off assay, suggesting that the binary open complex without CRP has the same ability for transcription as that of the ternary complex with CRP.
DISCUSSION
The role of CRP-cAMP in the lactose operon has been a paradigm of how a sequence specific DNA binding protein activates transcription. At the lac promoter, CRP-cAMP binds to a site centered at position -61.5 relative to the transcription start point and stimulates transcription either affecting the initial binding of RNA polymerase or the isomerization rate to open complex, although which step is more important is still controversial (3). In any case, it is well established that CRP-cAMP facilitates the formation of the open complex that is an essential step for transcription initiation. On binding to the target site, CRP-cAMP induces a strong bend in the DNA (9, 10) , and bindings of both RNA polymerase and CRP-cAMP to the lac DNA are mutually stabilized (15, 24) . Thus, DNA is believed to wrap up both CRP and RNA polymerase in the ternary open complex in which CRP is likely to be entrapped (3, 11) .
On the other hand, it is poorly understood whether CRP plays any roles after the formation of the open complex. In this paper, we addressed whether CRP-RNAP interaction and CRP-induced DN A bending play any roles after the formation of open complex We specifically asked the following questions, (I) Is it possible to remove CRP from the ternary complex 7 (ii) If so, does it affect the binding of RNA polymerase to the promoter? (iii) What is the nature of the resulting binary complex? We found that the competition with a high concentration of heparin dissociates CRP but not RNA polymerase from the ternary open complex of the wild-type lac promoter We showed that the binary complex is apparently stable and retains the activity to initiate and elongate the transcription from PI. In addition, the production of abortive RNAs was not increased by removing CRP. These results suggest that the binary open complex without CRP is functionally equivalent with the ternary open complex containing CRP ( The data presented in this study suggest an important feature of the structure of open complex. Since CRP induces the DNA bending and RNA polymerase recognizes this CRP-DNA complex to form the ternary complex, it is rather natural to assume that the removal of CRP affects the overall structure of the open complex. However, the functional integrity of the binary complex suggests that the structural characteristics of the open complex are still retained after the removal of CRP. This is strongly supported by the observation that the removal of CRP did not affect the pattern of DNase I footprint except CRP site. In addition, it is important to note that the protection/enhancement pattern of the resulting binary complex is essentially identical with that of the lac UV5 binary complex. This means that two open complexes are not only functionally but also structurally similar to each other.
Does the removal of CRP from the ternary complex release the DNA bending induced by CRP? The structural similarity between two binary open complexes suggests that the CRP-induced DNA bend itself is probably lost when CRP is removed We believe that the loss of the CRP-induced DNA bend does not affect drastically the overall structure of the complex since a strong interaction between DNA and RNA polymerase is already formed to produce a stable nucleosome-like complex. A very little change in the gel mobility during the transition from the ternary to binary complex is consistent with this view A nucleosome-like model in which the promoter is wrapped around RNA polymerase was originally proposed by Buc el al. (28) for the lac LJV5 open complex based on the crosslinking (29) and foorprinnng (25) data. The observations that RNA polymerase appears to induce a DNA bending in several promoters are consistent with the wrapping model (30) (31) (32) (33) . A similar model (caging of RNA polymerase) is also described by Adhya et al. (34) . Furthermore, the recent crosslinking study with T7 Al promoter suggests that the spatial distance between -35 promoter region and transcription start site is closer than expected from one dimensional distance ( . Model for the transition from ternary to binary complexes A high concentration of hepann converts the ternary complex to the binary complex by removing CRP A wrapping model for the complex between lac UV5 and RNA polymerase was originally proposed by Buc (28) A similar model for the ternary complex of wild-type lac promoter in which DNA is wrapped around both CRP and RNA polymerase was described by Zinkel and Crothers (11) We refined the previous wrapping models by incorporaDng the present results and recent findings concerning the role of RNA polymerase subunits Two open complexes are essentially equivalent each other except the binding of CRP The arrows indicate the hypersensiuve sites to DNase I cleavage Recent work has shown that the C-terrrunal region of a subunit binds immediately upstream of the -35 element and appears to make a direct contact with CRP (8) In addition, several lines of evidence suggest that a subunit is responsible for binding to -35 and-10 elements (35) concerning the role of a and o" subunits are also incorporated (8, 36) . This model predicts that RNA polymerase may additionally contact with the upstream region of the promoter. In fact, Buckle et al. (37) observed a weak protection by RNA polymerase around -90 in lac U V5 promoter against OH radicals. However, our DNase I footprinting data do not show a clear evidence for the upstream touch, suggesting that the RNAPupstream interaction may be rather moderate It should be noted that Zinkel and Crothers (11) reported the stability of the ternary complex of a lac promoter derivative in which A-tract bend sequence was inserted into the region immediately upstream of the CRP site. They found that the CRP-RNAP-DNA open complex releases easily CRP with heparin treatment. The resulting binary complex exhibited a significant increase in gel mobility, suggesting that the CRP-induced bend was lost when CRP was removed from the ternary complex. It would be interesting to test whether this binary complex still retains the nature of open complex.
Another issue to be studied is how the relative location of the CRP site affects the stability of the CRP-RNAP-DNA ternary complex. The quantitative measurement of the sensitivity of CRP binding to heparin could be a useful test to probe the architecture of the ternary open complexes in various CRP-dependent promoters For example, it is interesting to examine the stability of CRP to heparin in the ternary complex with type II CRP dependent promoter in which the CRP site is located within the core promoter (38) . In addition, it is particularly interesting to remove CRP from the ternary open complex with malT promoter in which CRP is reported to act by stimulating the rate of escape from the promoter (39) . The characterization of both ternary and binary malT open complexes should give a definite answer as to the role of CRP in the promoter clearance step.
